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Effective-field theory analysis of the τ− → η(′)pi−ντ decays
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The rare τ− → η(′)pi−ντ decays, which are suppressed by G-parity in the Stan-
dard Model (SM), can be sensitive to the effects of new interactions. We study the
sensitivity of different observables of these decays in the framework of an effective
field theory that includes the most general interactions between SM fields up to di-
mension six, assuming massless neutrinos. Owing to the strong suppression of the
SM isospin breaking amplitudes, we find that the different observables would allow
to set constraints on scalar interactions that are stronger than those coming from
other low-energy observables.
PACS numbers: 13.15.+g ,12.15.-y, 14.60.Lm
I. INTRODUCTION
Rare processes are suppressed decay modes of particles originated by approximate symme-
tries of the SM. They provide an ideal place to look for new physics because their suppressed
amplitudes can be of similar size as the (virtual) effects due to new particles and interac-
tions. It turns out that having a good control of SM uncertainties is crucial to disentangle
the effects of such New Physics contributions in precision measurements at flavor factories.
In this paper we study the rare τ− → η(′)pi−ντ decays, which will be forbidden if G−parity
[1] were an exact symmetry of the SM (G = CeipiI2 , with C the charge conjugation operation
and Ii the components of the isospin rotation operators). This process was suggested long
ago [2] as a clean test of Second Class Currents (SCC) following a classification proposed
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2by Weinberg [3] for strangeness-conserving interactions. According to this classification,
SCC must have quantum numbers PG(−1)J = −1 as opposite to (first class) currents in
the SM which have PG(−1)J = +1. Since isospin is only a partial symmetry of strong
interactions, G−parity gets broken by the u− d quark mass and electric charge differences
and τ− → η(′)pi−ντ decays can occur, although at a suppressed rate. This suppression
makes interesting these decays to study the effects of genuine SCC, (i. e. not induced by
isospin breaking effects), such as the ones induced by the exchange of charged Higgs [4, 5]
or leptoquark bosons [6] 1. We study these processes in the framework of an effective
Lagrangian where the effects of New Physics are encoded in the most general Lagrangian
involving dimension-six operators with left-handed neutrino fields.
Our study focuses on different partial and total integrated observables on τ− → η(′)pi−ντ
decays, as they can exhibit different sensitivities to the various effective couplings. Previous
studies (including specific beyond the SM approaches) have focused mainly in the estimates
of the branching fractions in the 10−5 ∼ 10−6 (10−6 ∼ 10−8) range for the η (η′) decay
channels [9] , as well as on the invariant mass distribution [10–12]. An important source of
uncertainty in most of these estimates arises from the predictions used for the scalar form
factor contribution. Of course, a good knowledge of the scalar form factor is necessary in
order to assess the possible contributions of beyond SM effects. Once the τ− → η(′)pi−ντ
decays have been observed at future superflavor factories, we expect that detailed studies of
the different observables will be very useful to disentangle the New Physics effects from the
SM isospin-violating contributions 2.
The current experimental limits for the SCC tau branching ratios of τ− → ηpi−ν are: Br
< 9.9 × 10−5, 95% CL (BaBar [15]), < 7.3 × 10−5, 90% CL (Belle [16]) and < 1.4 × 10−4,
95% CL (CLEO [17]) collaborations, respectively. Those upper limits lie very close to the
SM estimates based on isospin breaking [9–12]. The corresponding BaBar limit for the
τ− → η′pi−ντ decays is < 7.2 · 10−6, 95% CL [18], while Belle obtained < 4.6 · 10−6, 90%
CL [16] (CLEO set the earlier upper bound 7.4× 10−5, 90%CL [19]). Future experiments at
the intensity frontier like Belle II [20], which will accumulate 4.5× 1010 tau lepton pairs in
1 Genuine SCC can also be searched for in nuclear β decays, although having a good control of isospin
breaking effects, which is a challenge in these processes [7] (see [8] for a recent analysis).
2 Dedicated studies of backgrounds specific for these SCC decays have been carried out recently in Refs. [13,
14].
3the full dataset, are expected to provide the first measurements of the τ− → η(′)pi−ντ SCC
decays [21].
This paper is organized as follows: in section II we set our conventions for the effective
field theory analysis of the τ− → ντ u¯d decays, to be used in the remainder of the article.
In section III, we discuss the different effective weak currents contributing to the considered
decays and define their corresponding hadronic form factors. The tensor form factor within
low-energy QCD is computed in section IV. In section V we discuss the different observables
that can help elucidating non-SM contributions to the τ− → η(′)pi−ντ decays and in section
VI we state our conclusions.
II. EFFECTIVE THEORY ANALYSIS OF τ− → ντ u¯d
The effective Lagrangian with SU(2)L ⊗ U(1) invariant dimension six operators at the
weak scale contributing to low-energy charged current processes3 can be written as [24, 25]
L(eff) = LSM + 1
Λ2
∑
i
αiOi −→ LSM + 1
v2
∑
i
αˆi Oi , (1)
with αˆi = (v
2/Λ2)αi the dimensionless new physics couplings, which are O(10
−3) for an scale
Λ ∼ 1 TeV.
The low-scale O(1 GeV) effective Lagrangian for semi-leptonic (` = e, µ, τ) strangeness
and lepton-flavor conserving transitions 4 involving only left-handed neutrino fields is given
by (subscripts L(R) refer to left-handed (right-handed) chiral projections)
LCC = −4GF√
2
Vud
[(
1 + [vL]``
)
¯`
Lγµν`L u¯Lγ
µdL + [vR]`` ¯`Lγµν`L u¯Rγ
µdR
+ [sL]`` ¯`Rν`L u¯RdL + [sR]`` ¯`Rν`L u¯LdR
+ [tL]`` ¯`Rσµνν`L u¯Rσ
µνdL
]
+ h.c. , (2)
where GF stands for the tree-level definition of the Fermi constant, σ
µν ≡ i[γµ, γν ]/2, and
vL = vR = sL = sR = tL = 0 gives the SM Lagrangian. In the Lagrangian above, as usual,
Higgs, W±, and Z boson degrees of freedom have been integrated out, as well as c, b and t
3 The most general effective Lagrangian including SM fields was derived in Refs. [22, 23].
4 Strangeness-changing processes are discussed in an EFT framework in Refs. [26–28].
4quarks. Since we will be considering only CP-even observables, the effective couplings vL,R,
sL,R, and tL characterizing New Physics
5 can be taken real.
In terms of equivalent effective couplings6 (L,R = vL,R, S = sL + sR, P = sL − sR and
T = tL) we have the following form of the semileptonic effective Lagrangian
7 (particularized
for ` = τ):
LCC = −GFVud√
2
(
1 + L + R
)[
τ¯ γµ(1− γ5)ντ · u¯
[
γµ − (1− 2̂R)γµγ5]d
+ τ¯(1− γ5)ντ · u¯
[
̂S − ̂Pγ5
]
d+ 2̂T τ¯σµν(1− γ5)ντ · u¯σµνd
]
+ h.c., (3)
where ̂i ≡ i/(1 + L + R) for i = R, S, P, T . This factorized form is useful as long as
conveniently normalized rates allow to cancel the overall factor (1+ L+ R). Keeping terms
linear in the small effective couplings, the ̂i’s reduce to the expression in Ref. [24].
III. SEMILEPTONIC τ DECAY AMPLITUDE
Let us consider the semileptonic τ−(p) → η(′)(pη)pi−(ppi)ντ (p′) decays. Owing to the
parity of pseudoscalar mesons, only the vector, scalar and tensor currents give a non-zero
contribution to the decay amplitude, which reads 8:
M = MV +MS +MT
=
GFVud
√
SEW√
2
(1 + L + R) [LµH
µ + ̂SLH + 2̂TLµν H
µν ] , (4)
where we have defined the following leptonic currents
Lµ = u¯(p
′)γµ(1− γ5)u(p),
L = u¯(p′)(1 + γ5)u(p), (5)
Lµν = u¯(p
′)σµν(1 + γ5)u(p),
5 These couplings, as functions of the αˆi couplings of the SM electroweak gauge invariant weak-scale oper-
ators, can be found in appendix A of Ref. [24].
6 The physical amplitudes are renormalization scale and scheme independent. However, the individual
effective couplings i and hadronic matrix elements do depend on the scale. As it is conventionally done,
we choose µ = 2 GeV in the MS scheme.
7 The factor 2 in the tensor contribution originates from the identity σµνγ5 = − i2µναβσαβ .
8 The short-distance electroweak radiative corrections encoded in SEW [29] do not affect the scalar and
tensor contributions. However, the error made by taking
√
SEW as an overall factor in eq. (4) is negligible.
5In eq. (4) we have defined the following vector, scalar and tensor hadronic matrix elements
Hµ = 〈η(′)pi−|d¯γµu|0〉 = cVQµF+(s) + cS
∆QCDK0K+
s
qµF0(s), (6)
H = 〈η(′)pi−|d¯u|0〉 = FS(s), (7)
Hµν = 〈η(′)pi−|d¯σµνu|0〉 = iFT (s)(pµηpνpi − pµpipνη), (8)
where we have defined qµ = (pη(′) + ppi)
µ, Qµ = (pη(′) − ppi)µ + (∆pi−η(′)/s)qµ, s = q2 and
∆ij ≡ m2i −m2j , ∆QCDK0K+ = mK02 −m2K+ + m2pi+ −m2pi0 ; the constants cS =
√
2
3
, cV =
√
2,
denote Clebsch-Gordan flavor coefficients. In the η′ case cS = 2√3 (cV remains to be
√
2).
For simplicity we have not written the labels in the F+,0,S,T form factors, which are different
for specific hadronic channels.
The divergence of the vector current relates the FS(s) and F0(s) form factors via
FS(s) = cS
∆QCDK0K+
(md −mu)F0(s) . (9)
Since [30]
∆QCDK0K+
(md −mu) = B
(
1− 1
4
mu −md
ms − mˆ
)
∼ B , (10)
where mˆ ≡ (mu + md)/2 and BF 2 =< 0|q¯q|0 >∼ −(270 MeV)3 [31], it is seen –by using
F ∼ 92 MeV– that B ∼ Mτ . Thus, FS(s) basically inherits the strong isospin suppression
of F0(s).
Observe that the scalar contribution in eq. (7) can be ‘absorbed’ into the vector current
amplitude by using the Dirac equation L = Lµq
µ/Mτ and eq. (9). This can be achieved by
replacing
cS
∆QCDK0K+
s
−→ cS∆
QCD
K0K+
s
[
1 +
s̂S
mτ (md −mu)
]
, (11)
in the second term of eq. (6). We will see in the next section that the remaining contribution
to eq. (4), given by the tensor current (MT ), is also suppressed in low-energy QCD.
IV. HADRONIZATION OF THE TENSOR CURRENT
The hadronization of the tensor current, eq. (8), is one of the most difficult inputs to be
reliably estimated. In the tau lepton decays under consideration, the momentum transfer
ranges within (mη(′) + mpi)
2 ≤ s ≤ M2τ , which is the kinematic region populated by light
resonances. Here we will neglect the s-dependence, namely F piη
(′)
T (s) = F
piη(′)
T (0) ≡ F piη
(′)
T ,
6and we will estimate its value using Chiral Perturbation Theory [32–35]. We do not consider
tensor current contributions at the next-to-leading chiral order in order to keep predictability.
A comment is in order with respect to neglecting resonance contributions in the hadroniza-
tion of the tensor current, as it couples to the JPC = 1−− resonances, being the ρ(770) its
lightest representative. In principle, one should expect a contribution from these resonances
to the considered decays, providing an energy-dependence to FT and increasing its effect
in the observables that we study. The ρ(770) will contribute very little to the η′pi decay
mode, owing to kinematical constraints, and the contributions of ρ(1450) and ρ(1700) will
be damped by phase space and their wide widths. Thus, it is quite justified to assume
F piη
′
T (s) = F
piη′
T (0) ≡ F piη
′
T . Our previous reasoning does not apply to the vector resonance
contribution to F piηT (s), however. It is predicted by large-NC arguments that vector reso-
nances couple to the tensor current with a strength only a factor 1/
√
2 smaller than to the
vector current [37] (which is also supported by lattice evaluations [38–40]). Consequently,
the ρ(770) contribution to F piηT (s) should not be negligible (the vector current contribution
of the ρ(770) state to the τ− → ηpi−ντ branching ratio is ∼ 1/6, according to Ref. [12]). As
a result, our limits on the allowed values of ̂T obtained from the piη decay mode, which are
presented in the next section, could be made stronger including this missing contribution.
However, as we will see, the main point of this article is that τ− → η(′)pi−ντ decays are com-
petitive setting limits on non-standard scalar interactions in charged current decays, while
they are not in tensor interactions 9. This main conclusion is not affected by our assumption
F piηT (s) = F
piη
T (0) ≡ F piηT . Therefore our analyses (right panel in figures 5 and 6) involving
the tensor source with a constant form factor should be simply viewed as a benchmark to
compare with those with the scalar source, and not as a full fledged and theoretically sound
computation.
According to Ref. [41], there are only four operators at the leading chiral order, O(p4),
that include the tensor current. Only the operator with coefficient Λ2 contributes to the
9 As we discuss at the end of section VI, our upper limit on ̂T is ∼ 0.5, while the 10−4 level is reached
in radiative pion decays. Our educated guess for the ρ(770) contribution through the tensor current
to the τ− → ηpi−ντ decays (based on its contribution through the vector current) is that with a good
understanding of the former we could probably reach ̂T . 10−2, but not the 10−4 level.
7decays we are considering 10:
L = Λ1 〈tµν+ f+µν〉 − iΛ2 〈tµν+ uµuν〉+ ... (12)
where tµν+ = u
†tµνu† + utµν†u and 〈...〉 stands for a trace in flavor space. The chiral tensors
entering eq. (12) are uµ = i
[
u†(∂µ − irµ)u− u(∂µ − i`µ)u†
]
, including the left- and right-
handed sources `µ and rµ, the (chiral) tensor sources, t
µν and its adjoint; and fµν+ = uF
µν
L u
†+
u†F µνR u, including the field-strength tensors for `µ and rµ.
The non-linear representation of the pseudoGoldstone bosons is given by u =
exp
{
i√
2F
φ
}
, where
φ =

pi3+ηq√
2
pi+ K+
pi− −pi
3+ηq√
2
K0
K− K0 ηs
 ,
with ηq = Cqη+Cq′η
′ and ηs = −Csη+Cs′η′ the light and strange quark components of the
η, η′ mesons, respectively (pi3 is the pseudoGoldstone having the flavor quantum numbers of
the λ3 Gell-Mann matrix, which coincides with the pi
0 neglecting isospin breaking). These
constants describing the η − η′ mixing are given by [42]
Cq ≡ F√
3cos(θ8 − θ0)
(
cosθ0
f8
−
√
2sinθ8
f0
)
, Cq′ ≡ F√
3cos(θ8 − θ0)
(√
2cosθ8
f0
+
sinθ0
f8
)
,
Cs ≡ F√
3cos(θ8 − θ0)
(√
2cosθ0
f8
+
sinθ8
f0
)
, Cs′ ≡ F√
3cos(θ8 − θ0)
(
cosθ8
f0
−
√
2sinθ0
f8
)
,(13)
and the corresponding values of the pairs of decay constants and mixing angles are [43]
θ8 = (−21.2± 1.6)◦ , θ0 = (−9.2± 1.7)◦ , f8 = (1.26± 0.04)F, f0 = (1.17± 0.03)F
(14)
with F ∼ 92.2 MeV being the pion decay constant.
We recall [41] that the tensor source (t¯µν) is related to its chiral projections (tµν and tµν†) by
means of
tµν = PµνλρL t¯λρ , 4P
µνλρ
L = (g
µλgνρ − gµρgνλ + iµνλρ) , (15)
10 We note that although SU(3) flavor symmetry was considered in Ref. [41], extending it to U(3) (for a
consistent treatment of the η′ meson) does not bring any extra operator at this order, as this extension
entails the appearance of a log(det[u]) factor, which adds O(p2) to the chiral counting, belonging thus to
the next-to-leading order Lagrangian that we do not consider. Also, odd-intrinsic parity sector operators
including the tensor source first appear at O(p8) [41].
8with Ψ¯σµν t¯
µνΨ as the tensor current.
Taking the functional derivative of eq. (12) with respect to t¯αβ, putting all other external sources
to zero, expanding u and taking the suitable matrix element, it can be shown that in the limit of
isospin symmetry
i
〈
pi−pi0
∣∣∣∣∣δL
O(p4)
χPT
δt¯αβ
∣∣∣∣∣0
〉
=
√
2Λ2
F 2
(pα−p
β
0 − pα0 pβ−) ,
〈
pi−η(′)
∣∣∣∣∣δL
O(p4)
χPT
δt¯αβ
∣∣∣∣∣0
〉
= 0 . (16)
Once isospin symmetry breaking is taken into account, the leading contributions to the tensor
hadronic matrix elements are given by:
i
〈
pi−pi0
∣∣∣∣∣δL
O(p4)
χPT
δt¯αβ
∣∣∣∣∣0
〉
=
√
2Λ2
F 2
(pα−p
β
0 − pα0 pβ−) , (17)
i
〈
pi−η(
′)
∣∣∣∣∣δL
O(p4)
χPT
δt¯αβ
∣∣∣∣∣0
〉
= piη(′)
√
2Λ2
F 2
(pαpip
β
η − pαη pβpi) . (18)
For the numerical values of the isospin breaking mixing parameters we will take the determinations
piη = (9.8±0.3) ·10−3 and piη′ = (2.5±1.5) ·10−4 [12]. To our knowledge, there is no phenomeno-
logical or theoretical information on Λ2. However, Λ1 appearing in the Lagrangian eq. (12) was
predicted –using QCD short-distance constraints– in Ref. [44] to be
Λ1 =
< 0|q¯q|0 >
M2V
∼ (33± 2) MeV , (19)
where we took < 0|q¯q|0 > from [31]. This yields Λ14piF = 0.028± 0.002, which is consistent with the
chiral counting proposed in Ref. [41]. As a conservative estimate 11, we will assume |Λ2|4piF ≤ 0.05 in
our analysis. This, in turn, results in |F piηT | ≤ 0.094 GeV−1 and |F piη
′
T | ≤ 2.4 ·10−3 GeV−1 (we note
that, according to our definition in eq. (8), F piη
(′)
T includes the factor piη(′) . If, instead, the tilded
form factors of Ref. [12] are used, then
∣∣∣F˜T piη∣∣∣ = ∣∣∣F˜T piη(′)∣∣∣ = √2Λ2F 2 . 9.59 GeV−1). Our uncertainty
in the sign of FT translates in the corresponding lack of knowledge for the interference between
tensor and scalar or vector contributions. We finally note that the overall suppression given by
the piη(′) factors in eq. (18), together with our estimate of |Λ2|, make τ− → pi−η(′)ντ decays not
competitive with the radiative pion decay in setting bounds on non-standard tensor interactions.
11 We note that the operators with coefficients Λ1 and Λ2 in eq. (12) share the same chiral counting order [41].
9V. DECAY OBSERVABLES
Most of the existing studies of τ− → pi−η(′)ντ decays have focused on the branching ratio [9] and
only a few of them have provided predictions for the spectra in the invariant mass of the hadronic
system [10–12]. Once these G−parity forbidden decays have been discovered at Belle II, the next
step will be to characterize their hadronic dynamics and to look for possible effects of genuine SCC
(New Physics). This will require the use of more detailed observables like the hadronic spectrum
and angular distributions or Dalitz plot analyses. In this section we focus in the decay observables
that can be accessible in the presence of New Physics characterized by the effective weak couplings
described in Section II.
In the rest frame of the τ lepton, the differential width for the τ− → pi−η(′)ντ decay is
d2Γ
dsdt
=
1
32(2pi)3M3τ
|M|2 , (20)
where |M|2 is the unpolarized spin-averaged squared matrix element, s is the invariant mass of
the η(′)pi− system (taking values within (mη(′) +mpi)
2 ≤ s ≤M2τ ) and t = (p′+ pη(′))2 = (p− ppi−)2
with kinematic limits given by t−(s) ≤ t ≤ t+(s), and
t±(s) =
1
2s
[
2s(M2τ +m
2
η(′) − s)−(M2τ − s)(s+m2pi −m2η(′))± (M2τ − s)
√
λ(s,m2pi,m
2
η(′))
]
, (21)
where the Kallen function is defined as λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz.
A. Dalitz plot
The unpolarized spin-averaged squared amplitude in the presence of New Physics interactions
is given by
|M|2 = 2G
2
F |Vud|2SEW
s2
(1 + L + R)
2 (M0+ +MT+ +MT0 +M00 +M++ +MTT ) (22)
where M00 , M++ and MTT originate from the scalar, vector and tensor contributions to the
amplitude respectively, and M0+, MT+, MT0 are their corresponding interference terms. Their
10
expressions are
M0+ = 2cV cSm
2
τ × Re[F+(s)F ∗0 (s)]∆QCDK0K+
(
1 +
̂Ss
mτ (md −mu)
)
×
(
s(m2τ − s+ Σpiη(′) − 2t) +m2τ∆piη(′)
)
,
MT+ = −4cV ̂Tm3τsRe[FTF ∗+(s)]
(
1− s
m2τ
)
λ(s,m2pi,m
2
η(
′)) ,
MT0 = −4cS∆QCDK0K+ ̂TmτsRe[FTF ∗0 (s)]
(
1 +
̂Ss
mτ (md −mu)
)
×
(
s(m2τ − s− 2t+ Σpiη(′)) +m2τ∆piη(′)
)
,
M00 = c
2
S(∆
QCD
K0K+
)2m4τ
(
1− s
m2τ
)
|F0(s)|2
(
1 +
̂Ss
mτ (md −mu)
)2
,
M++ = c
2
V |F+(s)|2
[
m4τ (s+ ∆piη(′))
2 −m2τs
(
2∆piη(′)(s+ 2t− 2m2pi) + ∆2piη(′) + s(s+ 4t)
)
+ 4m2
η(
′)s
2(m2pi − t) + 4s2t(s+ t−m2pi)
]
,
MTT = 4̂
2
TF
2
T s
2
[
m4
η(
′)(m
2
τ − s)− 2m2η(′)(m2τ − s)(s+ 2t−m2pi)−m4pi(3m2τ + s)
+2m2pi
(
(s+m2τ )(s+ 2t)− 2m4τ
)− s ((s+ 2t)2 −m2τ (s+ 4t)) ] , (23)
where we have defined ∆piη(′) = m
2
pi− −m2η(′) , Σpiη(′) = m2pi− +m2η(′) .
New Physics effects can appear in the distribution of Dalitz plots, with a large enhancement
expected towards large values of the hadronic invariant mass (note eq. (11)). The first line of
figure 1 shows the square of the matrix element |M|200 obtained using the SM prediction for
τ− → pi−η(′)ντ form factors [12]; it can be appreciated that the dynamics is mainly driven by
the scalar resonance with mass ∼ 1.39 GeV (other two most populated spots in the Dalitz plot
correspond to effects of the vector form factor, around the ρ(770) peak, in the η channel). In the
first line of figure 2 we show the squared matrix element |M|2 for two representative values of the
set of (̂S , ̂T ) parameters that are consistent with current upper limits on the B(τ
− → pi−ηντ ).
A comparison of the plots in the first line of figure 1 (left panel) and figures 2 show that the
Dalitz plot distribution is sensitive to the effects of tensor interactions but rather insensitive to
the scalar interactions. For these, the most probable area around the ρ peak gets thinner, while
the one corresponding to the a0(1450) state gets wider, compared to the SM case. In the case of
tensor interactions, the effect of the ρ is diluted and the a0(1450) effect is also less marked than
in the standard case. Given the fact that the ρ contribution to these processes is much better
known than that of the a0(1450), observing a weak ρ meson effect in the Dalitz plot could be a
signature of non-standard interactions, either of scalar or tensor type. Uncertainties on the scalar
11
form factor prevent, at the moment, distinguishing between both new physics types by this Dalitz
plot analyses.
In the case of τ− → pi−η′ντ decays the vector form factor contributes negligibly. Then, a
comparison of the first rows of figures 1 (right panel) and 3 (where the representative allowed
values of (̂S , ̂T ) differ from those taken for the η channel) shows almost no change for scalar new
physics. Tensor current contributions would decrease the a0(1450) effect compared to the SM.
However, uncertainties on the scalar form factor will prevent drawing any strong conclusion from
this feature.
B. Angular distribution
The hadronic mass and angular distributions of decay products are also modified by the effects of
New Physics contributions and can offer a different sensitivity to the scalar and tensor interactions.
For this purpose it becomes convenient to set in the rest frame of the hadronic system defined
by ~ppi + ~pη(′) = ~pτ − ~pντ = 0. In this frame, the pion and tau lepton energies are given by
Eτ = (s+M
2
τ )/2
√
s and Epi = (s+m
2
pi −m2η(′))/2
√
s. The angle θ between the three-momenta of
the pion and tau lepton is related to the invariant t variable by t = m2τ+m
2
pi−2EτEpi+2|~ppi||~pτ | cos θ,
where |~ppi| =
√
E2pi −m2pi and |~pτ | =
√
E2τ −m2τ .
The decay distribution in the (s, cos θ) variables in the framework of the most general effective
interactions is given by
d2Γ
d
√
sd cos θ
=
G2F |Vud|2SEW
128pi3mτ
(1 + L + R)
2
(
m2τ
s
− 1
)2
|~ppi|
{
(cS∆
QCD
K0K+
)2|F pi−η(′)0 (s)|2
×
(
1 +
s̂S
mτ (md −mu)
)2
+ 16|~ppi|2s2
∣∣∣∣ cV2mτ F pi−η(′)+ (s)− ̂TFT
∣∣∣∣2
+4|~ppi|2s
(
1− s
m2τ
)[
c2V |F pi
−η(′)
+ (s)|2 + 4̂TF 2T s
]
cos2 θ + 4cS∆
QCD
K0K+
|~ppi|
√
s cos θ
×
(
1 +
s̂S
mτ (md −mu)
)[
cV Re[F0(s)F
∗
+(s)]− 2
s
mτ
̂TFTRe[F0(s)]
]}
. (24)
When the effective couplings of new interactions are turned off, we recover the usual expressions
for this observable in the SM [45]. It is interesting to observe that no new angular dependencies
appear owing to the presence of new interactions, although the coefficients of cos θ terms get
modified by terms that increase with the hadronic invariant mass s. In this respect, it is interesting
to point out that the last term of eq. (24), which is linear in cosθ, would allow to probe the relative
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FIG. 1: Dalitz plot distribution |M|200 in the SM, eq. (22): the ηpi (η′pi) case is shown in the
left (right) column. The figures in the second row show the double differential decay distribution
in the (s, cos θ) variables according to eq. (24) normalized to the tau width, for both decay
channels. The Mandelstam variables, s and t, are normalized to M2τ .
phase between the scalar and vector contributions in the absence of new physics. We note that
similar modifications to the angular and hadronic-mass distributions are expected for allowed
τ− → (P1P2)−ντ decays, although the effects of scalar and tensor interactions should be very small
in those cases.
Results obtained using eq.(24) are plotted in the second row of figure 1 for ηpi− (η′pi−) in the left
(right) panel for the SM case. In the second row of figures 2, 3 we plot the (s, cos θ) distributions,
which are defined from eq. (24), using the same representative values of (̂S , ̂T ) parameters for
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FIG. 2: Dalitz plot distribution for τ− → pi−ηντ decays: left-hand side corresponds to
(̂S = 0.002, ̂T = 0), while the figures in the right-hand side are obtained with the choice
(̂S = 0, ̂T = 0.3). The figures in the first row correspond to eq. (22). Figures in the lower row
corresponding to eq. (24) are normalized to Γτ . The Mandelstam variables, s and t, are
normalized to M2τ .
every channel employed above.
In general, a comparison between figures 1, 2 and 3 shows that, remarkably, differences between
SM and New Physics distributions can be obtained either using the (s, t) or the (s, cosθ) Dalitz plot
analyses. Then, the experimentally cleanest of these will be more useful restricting non-standard
interactions. If both are available, consistency checks can be done by comparing their respective
data.
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FIG. 3: Dalitz plot distribution for τ− → pi−η′ντ decays: figures in the left correspond to
(̂S = 0.006, ̂T = 0), while those in the right side are obtained with the choice (̂S = 0, ̂T = 10).
The figures in the first row correspond to eq. (22). The figures in the lower row to corresponding
to eq. (24) are normalized to the tau width. The Mandelstam variables, s and t, are normalized to
M2τ .
C. Decay rate
Integration upon the t variable in eq. (20) gives the hadronic invariant mass distributions
dΓ
ds
=
G2FSEWm
3
τ
∣∣∣VudF pi−η(′)+ (0)∣∣∣2
384pi3s
(1 + L + R)
2
(
1− s
m2τ
)2
λ1/2
(
s,mη(′)
2,mpi
2
)
× [XV A + ̂SXS + ̂TXT + ̂2SXS2 + ̂2TXT 2] , (25)
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where
XV A =
1
s2
[
3|F˜ pi−η(′)0 (s)|2∆2pi−η(′) + |F˜ pi
−η(′)
+ (s)|2λ
(
s,mη(′)
2,mpi
2
)(
1 +
2s
m2τ
)]
,
XS =
6
s mτ
|F˜ pi−η(′)0 (s)|2]
∆2
pi−η(′)
md −mu ,
XT =
−6√2
s mτ
Re[F+(s)]FT
|F pi−η(′)+ (0)|2
λ
(
s,mη(′)
2,mpi
2
)
,
XS2 =
3
m2τ
|F˜ pi−η(′)0 (s))|2
∆2
pi−η(′)
(md −mu)2 , (26)
XT 2 =
4
s
|FT |2
|F+(0)|2
(
1 +
s
2m2τ
)
λ
(
s,m(′)η
2
,mpi
2
)
.
Notice that when L = R = ̂S = ̂T = 0 we recover the SM result from [12]. We also
note that by using finiteness of the matrix element at the origin, and the fact that the form
factors are normalized at the origin, we have [12]
F pi
−η(′)
+ (0) = −
cS
pi−η(′)
cV
pi−η(′)
∆QCDK0K+
∆pi−η(′)
F pi
−η(′)
0 (0) , (27)
and
F˜ pi
−η(′)
+,0 (s) =
F pi
−η(′)
+,0 (s)
F pi
−η(′)
+,0 (0)
, (28)
which have been used to write eq. (25).
In figure 4 we plot the invariant mass distributions of the hadronic system for τ− →
pi−η(′)ντ decays. Noticeable differences are observed outside the resonance peak region
(MS ∼ 1.39 GeV, [12]) when we allow for small departures from the SM. Again, the hadronic
spectrum in both cases (piη and piη′) is able to distinguish New Physics contributions pro-
vided the scalar form factor contributions are known to a sufficient level of accuracy (we
will quantify this statement in the next section). While the scalar non-standard interactions
basically modify the spectrum (which essentially keeps its shape) as a global factor, tensor
interactions act quite smoothly over the phase space (contrary to the scalar form factors,
which are extremely peaked around
√
s ∼ 1.39 GeV). This would soften the η channel
spectrum visibly (in logarithmic scale). Since the η′ channel is so much dominated by the
scalar form factor, the change in the spectrum would be even harder to be appreciated, and
only a precise measurement of its tale could show a deviation from the SM case hinting to
vector-tensor interference.
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FIG. 4: Left figure shows the ηpi− hadronic invariant mass distribution for the SM (solid line)
and ̂s = 0.004, ̂T = 0 (dashed line), ̂s = 0, ̂T = 0.6 (dotted line). Right figure shows the η
′pi−
hadronic invariant mass distribution for the SM (solid line) and ̂s = 0.005, ̂T = 0 (dashed line),
̂s = 0, ̂T = 10 (dotted line). Units in axis are given in powers of GeV and the decay distributions
are normalized to the tau decay width.
VI. RESULTS AND DISCUSSION
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FIG. 5: ∆ as a function of ̂S (for ̂T = 0) and ̂T (for ̂S = 0) for τ
− → pi−ηντ decays.
Horizontal lines represent current values of ∆ according to the upper limits on the branching
fraction obtained by Babar (dotted line), < 9.9× 10−5, 95% CL [15], Belle (dashed line),
< 7.3× 10−5, 90% CL [16] and CLEO (solid line), < 1.4× 10−4, 95% CL [17].
Equation (25) can be integrated to obtain the total decay rate of the τ− → pi−η(′)ντ
decays, using the expressions for the form factors discussed in Ref. [12] and in Section IV.
Since the total decay rate depends upon several effective couplings, we can explore how New
physics effects inducing scalar and tensor interactions can be constrained by measurements of
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FIG. 6: ∆ as a function of ̂S (for ̂T = 0) and ̂T (for ̂S = 0) for τ
− → pi−η′ντ decays.
Horizontal lines represent current values of ∆ according to the upper limits on the branching
fraction obtained by Babar (solid line), < 7.2 · 10−6, 95% CL [18] and Belle (dashed line),
< 4.6 · 10−6, 90% CL [16].
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FIG. 7: Left figure shows constraints on scalar and tensor couplings obtained from
∆(τ− → ηpi−ντ ) values using current experimental upper limits on branching fractions. The solid
line represents ∆ = 0, the dotted line is the Belle 90%CL limit, the doubly dotted line is the BaBar
95%CL limit and the dashed line is the CLEO 95%CL limit. In the right side we have contours of
constant ∆(τ− → η′pi−ντ ) in the ̂S − ̂T plane. The inner solid circle is the SM prediction,
∆ = 0, the dotted line is the BaBar 95%CL limit and the dashed line is the Belle 90%CL limit.
the branching fractions. For this purpose, we compare the decay rate (Γ) for τ− → pi−η(′)ντ
18
20%
50%
-0.005-0.004-0.003-0.002-0.001 0.000
-0.3
-0.2
-0.1
0.0
0.1
0.2
Ε
`
S
Ε` T
20%
50%
-0.005-0.004-0.003-0.002-0.001 0.000
-4
-2
0
2
4
Ε
`
S
Ε` T
FIG. 8: The thick solid line in the middle shows the contour for the SM Branching Ratio of
τ− → pi−η(′)ντ . In the hypothetical case of this value being measured by Belle-II with 50%(band
bounded with dotted lines) and 20%(band bounded with dashed lines) precision, some nonzero
allowed range of values for ̂S , ̂T can be determined. In the left-hand side we have the case of
τ− → pi−ηντ , while on the right τ− → pi−η′ντ is shown.
including all the interactions with respect to the one (Γ0) obtained by neglecting ̂S and ̂T
couplings. Integrating eq. (25) we get the shift produced by new physics contributions as
follows
∆ ≡ Γ− Γ
0
Γ0
= α̂S + β̂T + γ̂
2
S + δ̂
2
T . (29)
Clearly, ∆ = 0 when we have only vector current contributions to the decay amplitude. The
numerical values of the coefficients are: α ∼ (7 · 102, 9 · 102), β ∼ (1.1,−8 · 10−4), γ ∼
(1.6 ·105, 1.9 ·105) and δ ∼ (21, 0.1) where the first (second) value refers to piη (piη′) channel.
Easy-to-estimate uncertainties on these values are given by the corresponding errors of piη(′) ,
given the quadratic dependence of observables on these mixing coefficients. For the most
interesting case of αpiη, this yields the range [300, 800], approximately.
Eq. (29) is a quadratic function of the effective scalar and tensor couplings that can
be used to explore the sensitivity of τ− → pi−η(′)ντ decays to the effects of New Physics.
This can be achieved in two different ways. Firstly, we can represent the constraint on
scalar (tensor) couplings obtained from the current upper limits on Γ by assuming ̂T =
19
0 (respectively, ̂S = 0). This is shown in figure 5 where we represent with horizontal lines
the current experimental upper limits on ∆ and eq. (29) for τ− → pi−ηντ decays. According
to this procedure, we get the constraint −0.008 ≤ ̂S ≤ 0.004 which corresponds to the
BaBar’s upper limit assuming ̂T = 0, left-hand side of figure 5. Constraints on tensor
interactions are weaker: |̂T | ≤ 0.4, assuming ̂S = 0 and BaBar’s upper limit, right-hand
side of figure 5. Similar conclusions can be obtained for limits on the scalar coupling in the
case of τ− → pi−η′ντ decays, see figures 6. In this case −0.011 ≤ ̂S ≤ 0.007. It can be
noticed that much looser limits are obtained for the tensor coupling in this case, |̂T | ≤ 11.
Secondly, constraints on scalar and tensor interactions can be set simultaneously from a
comparison of experimental upper limits and eq. (29). This is represented in figures 7, for
the case of τ− → pi−η(′)ντ decays. Clearly, the limits on the scalar and tensor couplings get
slightly relaxed in this case with respect to the ones obtained when one of the couplings is
assumed to vanish. These constraints can be largely improved at Belle II as it is shown in
figures 8, where we compare the limits that can be set on the (̂S, ̂T ) plane by assuming that
the branching ratio of τ− → pi−η(′)ντ can be measured with 50% and 20% accuracy. Left
(right)-hand side of figures 8 shows the sensitivity on the scalar and tensor couplings that
can be obtained from improved measurements of the τ− → pi−ηντ (τ− → pi−η′ντ ) branching
fraction.
Table I summarizes the constraints on the scalar and tensor couplings that can be derived
from the current upper limits on the branching ratios of τ− → pi−η(′)ντ decays. We also dis-
play the constraints that can be obtained from forthcoming measurements of the branching
fraction of these decays at Belle II experiment, by assuming a 20% accuracy 12.
At this point it is interesting to compare the limits in Table I to those obtained in
Ref. [24] (see also [46–48]). For this we need to assume lepton universality because our
study involves the τ flavor, while theirs electron and muon flavors. However, given the
smallness of possible lepton universality violations, this is enough for current precision. It
is clear that τ− → pi−η(′)ντ decays are not competitive restricting tensor interactions. Our
upper limits (using present data) are at the level of |̂T | . 0.5 while the radiative pion decay
12 S. Descotes-Genon and B. Moussallam [11] pointed out that with this precision both in the measurement
of the branching fraction of τ− → pi−ηντ decays and in the theoretical knowledge of the participating
scalar form factor, these decays will fix bounds on charged Higgs exchange competitive to those obtained
from B− → τ−ντ data.
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∆ ̂S(̂T = 0) ̂T (̂S = 0) ̂S ̂T
piη
Babar [−8.3, 3.9] · 10−3 [-0.43,0.39] [−0.83, 0.37] · 10−2 [-0.55,0.50]
Belle [−7.7, 2.9] · 10−3 [-0.51,0.47] [−0.75, 0.29] · 10−2 [-0.48,0.43]
CLEO [−9.5, 5.0] · 10−3 [-0.62,0.57] [−0.95, 0.49] · 10−2 [-0.66,0.60]
Belle II ([−4.8, 2.0] · 10−3 [-0.12,0.08] [−4.9,−4.3] · 10−3⋃ [−0.20,−0.25]⋃
[−2.6, 3.0] · 10−4 [0.15,0.20]
piη′
Babar [−1.13, 0.68] · 10−2 |̂T | <11.4 [−1.13, 0.67] · 10−2 [-11.9,11.9]
Belle [−1.07, 0.60] · 10−2 |̂T | <10.6 [−1.06, 0.61] · 10−2 [-11.0,11.0]
Belle II [−4.8, 2.3] · 10−3 [-1.35,1.41] [−4.8,−4.3] · 10−3⋃ [−3.4,−2.7]⋃
[−2.4, 2.4] · 10−4 [2.7, 3.3]
TABLE I: Constraints on the scalar and tensor couplings obtained from current upper limits on
the branching fractions and hypothetical measurements with 20% accuracy at Belle II experiment.
reaches the 10−4 level through Dalitz plot analysis [44–49]. On the contrary, our bounds
are very competitive in the case of scalar interactions, where we get (with current data)
−0.009 < |̂S| < 0.004, while 0+ → 0+ nuclear β decays set limits (from the Fierz interference
term) [50] at a few times 10−3 13. The potential of a precise measurement of these decays
at Belle-II is illustrated in the very stringent bounds on ̂S appearing in table 1. For this,
however, it is crucial to improve our knowledge on the theoretical uncertainty of the scalar
contribution 14. Being quite conservative, we have re-calculated these constraints assuming
that the scalar contribution to observables in the η channel can be a factor seven smaller
than quoted in [12] (like, for instance in Orsay’s group prediction [11]) and this results
in increasing the upper bound on |̂S| one order of magnitude. Before results of Belle-II
searches on these tau decays become available, more precise measurements of meson-meson
scattering would be of enormous help in reducing the errors of the dominant scalar form
13 As emphasized in e. g. Ref. [46], if the flavor structure of the dynamics generating the non-standard
interaction is known, then Rpi ≡ Γ(pi → eν(γ))/Γ(pi → µν(γ)) could provide the strongest constraint on
̂S,T (see also Refs. [51–54]).
14 Theoretical and experimental efforts in this direction can be found in Refs. [11, 12, 55–66].
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factors, allowing thus the derivation of sharp limits on non-standard scalar interactions, as
put forward in this article.
VII. CONCLUSIONS
The rare τ− → pi−η(′)ντ decays, which are suppressed by G-parity in the Standard Model,
can receive important contributions of New Physics. We have studied these decays in the
framework of the most general effective field theory which incorporate dimension-six op-
erators and assumes left-handed neutrinos. We have found that the Dalitz plot, hadronic
invariant mass distribution and branching fraction are sensitive to the effects of scalar and
tensor interactions and offer complementary information to the ones obtained from other
low-energy processes.
These decays will probably be observed for the first time at the Belle II experiment. The
different observables studied in this paper will be very useful to characterize the underlying
dynamics of these decays. Our study indicates that these observables will be able to set
very strong constraints on scalar interactions, or to set limits that are very competitive with
other low-energy processes. To the best of our knowledge, this is the first study aiming to
disentangle SCC from G-parity violation in sensitive observables of tau lepton decays.
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